The Newmark Structural Engineering Laboratory (NSEL) of the Department of Civil and Environmental Engineering at the University of Illinois at Urbana-Champaign has a long history of excellence in research and education that has contributed greatly to the state-of-the-art in civil engineering. Completed in 1967 and extended in 1971, the structural testing area of the laboratory has a versatile strong-floor/wall and a three-story clear height that can be used to carry out a wide range of tests of building materials, models, and structural systems. The laboratory is named for Dr. Nathan M. Newmark, an internationally known educator and engineer, who was the Head of the Department of Civil Engineering at the University of Illinois and the Chair of the Digital Computing Laboratory . He developed simple, yet powerful and widely used, methods for analyzing complex structures and assemblages subjected to a variety of static, dynamic, blast, and earthquake loadings. Dr. Newmark received numerous honors and awards for his achievements, including the prestigious National Medal of Science awarded in 1968 by President Lyndon B. Johnson. He was also one of the founding members of the National Academy of Engineering. 
INTRODUCTION
Headed steel stud anchors (shear connectors) welded to a steel base and encased in concrete have been the most common method for transferring forces between the steel and concrete materials in composite construction. This type of anchor has been investigated by numerous researchers worldwide. For steel and composite steel/concrete construction, the focus of the work has been predominantly on composite beams with and without metal deck. Much less comprehensive assessment has been conducted for the strength of headed steel anchors in composite components.
For such alternative configurations, the focus of much prior work has been on reinforced or prestressed concrete construction. The main approaches regarding anchors in reinforced concrete are outlined in CEB (1997) and Appendix D of ACI 318-08 (ACI, 2008) . Recently, Anderson and Meinheit (2000 , 2005 , 2007 ) developed a comprehensive research program to assess the shear strength of headed studs in prestressed concrete. As a result of this work, the 6th Edition of the PCI Handbook (PCI, 2004) incorporated new alternative approaches for computing the shear strength of headed studs.
Research on headed studs in composite structures extends back to the 1950's. A brief summary is presented here. The first push out test for studying the behavior of the headed studs was conducted by Viest (1956) , who performed 12 tests at the University of Illinois with varying ratios of effective depth-to-stud diameter (h ef /d), where h ef is the stud height from its base to the underside of the stud head. Viest (1956) observed three types of failure: steel failures, where the stud diameter reached its yield point and failed; concrete failures, where concrete surrounding the headed stud crushed; and mixed failures that included failure of both materials. Furthermore, Viest proposed one of the first formulas to assess the shear strength of headed studs of composite structures (see Table 1 ). Driscoll and Slutter (1961) proposed a modification of Viest's equation (Table  1 ) and observed that the total height-to-diameter ratio (h/d) for studs embedded in normal-weight concrete should be equal or larger than 4.2 if the full shear strength of the anchor had to be developed. Chinn (1965) and Steele (1967) developed push-out tests on lightweight composite slabs. Davies (1967) studied group effects for several headed studs in push-out tests. Mainstone and Menzies (1967) carried out eighty-three push-out specimens covering the behavior of headed anchors under both static and fatigue loads. Goble (1967) investigated the effects of flange thickness on the strength of composite specimens. Topkaya et al. (2004) tested 24 specimens in order to describe the behavior of headed studs at early concrete ages. Ollgaard et al. (1971) proposed the first formula adopted by AISC Manual 1993 to compute the shear strength of headed studs (see Table 1 ). They tested 48 push out tests in lightweight and normal-weight concrete with an effective embedment depth ratio, h ef /d, of 3.26. Failures were noted in both steel and concrete material. 
a Units: pounds, inches for Viest (1955) ; Units: kips, inches for Driscoll and Slutter (1961) , Baldwin et al. (1965) , Buttry (1965) , Dallam (1968) , Ollgaard et al. (1971) .
The AISC Specification has included provisions for composite structures since 1936. Tables providing allowable horizontal shear load of headed studs as a function of the stud diameter and concrete strength appeared in AISC Specification of 1961 (AISC, 1961) . Effects of metal deck on shear strength of the headed studs were added in 1978 (AISC, 1978) and the AISC Specification adopted Ollgaard's formula (Ollgaard et al., 1971 ) to compute the shear strength of headed steel studs in 1993 (AISC, 1993).
Composite beams, specifically hot-rolled steel shapes with a concrete floor slab either with metal deck formwork, have received extensive coverage in the literature [e.g., Driscoll and Slutter (1961) , Buttry (1965) , Baldwin et al. (1965) , Dallam (1968) , Baldwin (1970) This work reviews 391 monotonic and cyclic tests from the literature on experiments of headed stud anchors and proposes formulas for the limit states of steel failure and concrete failure of headed stud anchors subjected to shear force without the use of metal deck. Detailing provisions to prevent premature pryout failure are also discussed. This work also reviews proposals from several authors and provides recommended shear strength values for the cyclic seismic behavior of headed studs. The limit state formulas are proposed within the context of the AISC Specification (AISC, 2005a (AISC, , 2005b , and comparisons are made to the provisions in the ACI 318-08 Building Code (ACI, 2008) and the PCI Handbook, 6th Edition (PCI, 2004) . The scope of this research includes composite beam-columns [typically concrete-encased steel shapes (SRC) or concrete-filled steel tubes (CFT)], concrete-encased and concrete-filled beams, boundary elements of composite wall systems, composite connections, composite column base conditions, and related forms of composite construction. Pallarés and Hajjar (2009) cover the response of steel stud anchors subjected to tension force and combined tension and shear.
This work also reviews cyclic tests under high amplitude loading simulating seismic excitation. Hawkins and Mitchell (1984) , Gattesco and Giuriani (1996) , Bursi and Gramola (1999) , Zandonini and Bursi (2002) , and Civjan and Singh (2003) performed a range of different types of push-pull tests on headed steel studs under high amplitude cyclic shear loading for slabs in composite beams. Saari et al. (2004) reported the headed stud anchor behavior of partially-restrained steel frames with reinforced concrete infill walls, looking at both static and cyclic loads. Saari et al. (2004) studied shear, tension, and shear/tension interaction response for headed studs with two types of confining reinforcing patterns. These tests showed that if sufficient confinement is included, concrete failure is precluded.
CHAPTER 2 OBJECTIVES
This work reports on the behavior of headed studs embedded in solid concrete slabs subjected to shear force, including both static and large-amplitude cyclic (i.e., seismic) forces, without steel profile sheeting or metal deck. Results given in this work are applicable to composite elements including steel reinforced concrete columns (SRCs) or concrete filled tubes (CFTs), concrete-encased and concrete-filled beams, boundary elements of composite wall systems, composite connections, composite column base conditions, and related forms of composite construction. An extensive set of test results of headed steel anchors in configurations applicable to composite construction has been collected and analyzed relative to the design provisions put forward in AISC (2005) 
CHAPTER 3 MONOTONIC BEHAVIOR OF HEADED STUDS SUBJECTED TO SHEAR FORCES
A comprehensive collection of headed steel anchors tests under static loads may be found in Anderson and Meinheit (2005) . The present work is based mainly on that collection with added test data found in the literature, including Shoup and Singleton (1963) , Chapman (1964) , Mainstone and Menzies (1967) , Menzies (1971) , Saari et al. (2004) , and Shim et al (2004) . In total, 391 tests were considered when examining the monotonic behavior of headed steel anchors.
There are three main failures that may occur in a headed stud anchor for composite structures, namely: steel failure, weld failure, and failure of the concrete surrounding the headed stud. In this work, weld failure is included as a steel failure, since the distinction between weld and steel failure is often difficult to ascertain in the experiments.
Of the 391 tests on headed steel studs, 114 tests were classified as concrete failure and 202 were classified as steel failure. The rest of the failures were not reported by the author or were classified as mixed failure. Within this data set, 286 tests used normal strength concrete and 105 of the tests used lightweight concrete.
Schematics of the tests are presented in Table 2 Gattesco and Giuriani (1996) , Anderson and Meinheit (2005) ]. The third type takes into account special conditions such as in infill walls (e.g., Saari et al. (2004) ). The push out test usually simulates well the conditions in composite structures, producing pryout or steel failure of the anchor between the steel and concrete. φ is the resistance factor, is a reduction factor of the strength, is the cross section area of the headed stud and is the specified minimum tensile strength of the headed stud anchor, and n is the number of studs. The coefficient values from the three standards are presented in Table 3 . 
Average Formula 5% Fractile AISC 1.00 1.00 1.00 1.00 1.00 1.00
317. 9 ' The general form of the formulas to compute the nominal strength of an individual headed stud anchor when failure is in the concrete, as provided by ACI 318-08 and PCI 6 th , is n R C v v v φ . These formulas are based on the 5 percent fractile; that is, the formulas are developed such that that there is a 90 percent confidence level that over 95 percent of the failures occur above the calculated limit state value for an individual anchor (Wollmerhauser, 1997). The ACI 318-08 average strength formulas are given in Fuchs et al. (1995) . The PCI 6th average strength formulas are given in Anderson and Meinheit (2004) .
The most likely concrete failure modes that may occur in composite construction given by ACI 318-08 Appendix D are breakout and pryout. Breakout is a type of failure occurring when free edge conditions govern the failure. In these cases, failure planes form a volume of concrete surrounding the anchor, separating this concrete from the member. In contrast, pryout failure happens in a local area surrounding the anchor corresponding to a formation of a concrete spall in the direction perpendicular to the applied shear force. It is likely that breakout failure rarely occurs in composite structures since there are not appropriate failure planes for front-edge or side-edge breakout in the vast majority of composite members, particularly if typical reinforcement detailing is used. The tests reported by Ollgaard et al. (1971) are representative of the fact that pryout, following the terminology of ACI 318-08, or "in the field" following the terminology of PCI 6th Ed., is the concrete failure mode that is most likely to occur in composite structures.
ACI 318-08 proposes a formula to compute the pryout failure ( ) based on the basic concrete breakout strength in tension ( ), which necessitates the computation of several intermediate quantities. However, PCI 6th provides a direct formula to compute the pryout failure when the ratio
is less than 4.5. This assumes that when the ratio d h ef is larger than 4.5, the most likely failure is in the steel shank. The formulas from ACI 318-08 and PCI 6th to compute pryout failure are summarized in Table 3 .
AISC (2005) provides a formula to compute the shear strength in composite components other than composite beams. This formula is an adaptation of the formula for headed steel anchors in composite beams proposed by Ollgaard et al. (1971) , who calibrated it adjusting different models to the forty-eight test results developed in their research. Currently, reliability of the headed steel anchor against premature failure is taken into account as a part of the design of the composite component, such as a composite column; hence, the headed steel anchor strength typically does not have its own resistance factor in AISC (2005 
Comparison of AISC 2005, ACI 318-08, and PCI 6 th Edition
The current formula for the nominal shear strength of a steel anchor (other than in composite beams) in AISC 2005 (
) was computed for each of the 391 tests (using the minimum value of the steel and concrete failure modes) and compared to the experimentally obtained load. The results are shown in Fig. 1 (a) 1 . The ratio of experimental strength to predicted strength, V test /V predicted , was less than one for 235 of the 391 tests, indicating that the formula is unsafe for 60% of the tests. Measured values were not always provided by the authors. In these cases, for this study, the nominal values given by the authors were used. u F Additional insight can be gained by separating the tests based on failure mode before computing the average test-to-predicted ratio. For steel failures, the AISC 2005 prediction is accurate and safe ( Fig. 1(b) ). For tests in which the concrete failed, the scatter is much larger and many test-to-predicted ratios are less than one ( Fig. 1(c) ).
The comparison between the different provisions for concrete failure modes has been carried out using the average formula, the 5% fractile formula provided by ACI 318-08 and PCI 6th Ed., and taking into account the resistance factors specified in Table 3 , in order to assess the accuracy of the different approaches. The test-topredicted ratios for ACI 318-08 Appendix D and PCI 6th Ed. are shown in Fig. 2 . The headed stud strength plotted in Fig. 2 is the minimum of the strength of the steel ( ) and the strength computed for pryout ("in the field") failure mode. Based on using the average formula for predicting stud strength in shear, it can be seen that PCI 6th (Fig. 2(b) ) is more accurate than ACI 318-08 Appendix D (Fig.  2(a) ) to predict the local failure of the concrete surrounding stud, and its standard deviation shows less scattered results. ACI 318-08 is more conservative than PCI 6th due primarily to the auxiliary coefficient kcp equaling 1 in ACI 318-08 when the headed stud is less than 2.5 in. (63 mm), as pointed out by Anderson and Meinheit (2005) . AISC (2005) has lower average ratios than ACI 318-08 and PCI 6th ed., and the scatter is larger, with a considerable number of tests (approximately 60%) having a test-to-predicted ratio less than 1.0 ( Fig. 1(a) ).
Results derived from applying 5% fractile formulas for pryout strength given by ACI 318-08 and PCI 6th are shown in Fig. 2 (c) and 2(d). The scatter of the results applying 5% fractile, both with and without resistance factors ( Fig. 2 (e) and 2(f)) is larger than results given by average values (Fig. 2(a) and 2(b) ), and ACI 318-08 provides more conservative results in comparison to PCI 6th. Differences between AISC (2005), ACI 318-08 and PCI 6th also typically become larger when the respective resistance factors are applied.
The formulas used for stud strength in shear in AISC (2005) were derived by looking at all tests in aggregate, regardless of the mode of failure. It is informative to compare the accuracy of the various formulas for predicting steel or concrete failure modes by comparing each formula only to tests failing in the steel or concrete, respectively. If only tests that failed in the steel are examined (202 tests), ACI 318-08 provides the most conservative results using the average formulas (Table 4) . PCI 6th Ed. provides the most conservative results when using the 5% fractile equation or when resistance factors are applied. Similarly, for headed stud anchors failing in the concrete (114 tests), ACI 318-08 is shown to be the most conservative, while PCI 6th is accurate with small scatter ( The strength prediction ( ) for steel failure (202 tests) may be seen in Fig.  3 . This formula becomes more conservative when the nominal values of the steel strength are used rather than measured values. Fig . 4 shows the results of using concrete failures to assess tests that failed in the concrete. It can be seen that PCI 6th is more accurate than ACI 318-08 Appendix D, although PCI 6th restricted its proposed formula for "in the field" cases, or pryout, for headed studs with the ratio 5 .
. ACI 318-08 Appendix D again provides very conservative results when the effective height of the stud is less than 2.5 in. (63 mm), due to the kcp coefficient as discussed earlier. If the AISC (2005) formula for concrete failure is used similarly, the results are less conservative, especially without resistance factors ( Fig. 1(c) ).
Reassessment of headed steel stud strength in the AISC Specification
Using recommendations by Ravindra and Galambos (1978) , resistance factors can be computed to compensate for the scatter and low mean values exhibited by the results from the current AISC (2005) formulas, as seen in Fig. 1 . Given a reliability index, β, the resistance factor can be computed using (Eq. 1). is the average of the ratio between test result and predicted value.
α equals to 0.55, given by Ravindra and Galambos (1978) . β is the reliability index. V is the coefficient of the variation of the materials and is take as cero since the variation is embedded in tests results, for which the measured material properties were reported for the vast majority of the tests.
Ravindra and Galambos (1978) recommend a reliability index β of 3 for members and 4.5 for connections. In this work, a reliability index of 4 has been targeted to compute the resistance factors. Resistance factors for steel strength prediction using only tests that failed in the steel are computed for values of the C v coefficient equal to 1.00, 0.75 and 0.65 (Table 6 ). Values of the resistance factor for a β value of both 3 and 4 are presented. Equation 2 presents a sample calculation for C v = 1.00 and β = 4. 
Formulas for concrete failure
ailures of anchors loaded in shear in com n in Table 7 .
weight ( ), with the result being sim (2005). The coefficient
The concrete failure formulas of ACI 318-08 and PCI 6th are geared for general conditions for preventing failure of headed steel anchors, especially cases where free edges may be close to the stud. Such free edges rarely occur in composite construction. Thus, several alternative formulas were developed in this work to compute concrete strength surrounding headed studs for conditions commensurate with composite construction. These formulas are compared with AISC (2005), ACI 318-08, and PCI 6th pryout formulas in Table 7 . It can be seen that the mean value of the test-to-predicted ratios for the AISC formula in particular is quite low, coupled with a relatively large coefficient of variation. Both optimized formula and simplified versions of these formulas are shown. The equations are functions of the properties of the headed steel anchors, including height, shank diameter, and concrete strength. The proposed formulas have been calibrated using a least squares technique, constraining the average test-to-predicted ratio to equal 1.0 for all 114 tests failing in the concrete ( From the earliest tests carried out by Viest (1955) , it has been seen that d h ef is a significant parameter that often delineates the type of failure that occurs in tests that do not have free edge conditions. In the tests by Viest (1955) , for example, the failure normally occurred in the steel stud when d h ef was larger than 4.53.
Driscoll and Slutter (1961) observed that if d h was greater than 4.2, they could develop all the strength in tension (i.e., A s F u ) rather than shear, and the tensile strength then determined the ultimate strength of the studs in their push-out tests. It was further noted that for studs shorter than 2 .
, the strength must be reduced because of the possibility of the ultimate strength being reduced by fracture of the concrete. Ollgaard et al. (1971) tested studs with an effective embedment depth of 3.50 and 4.20. They indicated that in many tests both steel and concrete failures were observed in the same specimen.
A summary of failures found in the tests in the database classified as having studs that are greater than or less than a given diameter headed stud having a 3/8 in. (9.5 mm) depth of the head), 81% of the 224 tests with ratios larger than this limit failed in the steel. In order to predict the failure of the remaining 19% of the tests that failed in the concrete, one of the proposed formulas in the prior section could be used, taking the minimum value of steel and concrete failures. However, as discussed below, checking the steel formula alone may be adequate for this minimum ratio of d h ef . ACI 301-08 (2008) provides formulas for the average measured concrete ( ') strength given the specified concrete strength ( ); for example, (in psi), for a specified concrete strength between 3000 and 5000 psi. In Fig. 5 , the stud strength has then been computed using the specified concrete strength derived from the average measured concrete strength reported in the test. An important conclusion from this figure is that if
is restricted to being larger than 4.5 (or, comparably, d h is restricted to being larger than 5), using the steel formula alone is adequate to safely predict the shear strengths of the studs. Even those tests that fail in the concrete are generally seen to have test-to-predicted ratios larger than one, with little difference than in the case where both the steel and concrete formulas are checked, and the minimum used (as seen in Fig. 5(d) and 5(f) ). In Fig. 5(c) and 5(e), using only the steel formula with nominal strength values results in test-topredicted ratios of 1.964 for studs with Fu of 51 ksi (350 MPa) and 1.541 for studs with Fu of 65 ksi (450 MPa), based on using 0.65AsFu as the design strength of the headed stud failing in shear. , even though steel failure often occurs in those tests. In Proposal 4 ( Fig. 6(d) ) (which is similar to the concrete formula of PCI 6th) and in ACI 318-08 ( Fig. 6(e) ), prediction of the type of failure typically matches better with the actual failure mode. However, the results of using the minimum of the steel and concrete formulas tend to be unnecessarily conservative for
, and the prediction may be reasonable based upon checking only the steel formula, as mentioned above, due to the limited cases with concrete or mixed failures and the reasonable predictions made for those specific cases using the steel formula. While Table 9 and Figures 5 and 6 include tests with both normal weight and lightweight concrete, to be conservative, all of the recommendations discussed so far in this section could be limited to the use of normal weight concrete. This is because for lightweight concrete, 35% of the tests have 5 . Figure 5 imply that the steel strength formula adequately predicts both normal weight and lightweight concrete failures, but Table 7 should also be checked, or the provisions of ACI 318-08 Appendix D or similar should be used in total.
Stud Shear Strength

CHAPTER 4 SEISMIC BEHAVIOR OF STEEL ANCHORS IN SHEAR
Results from the literature generally show that push-out specimens having headed steel stud anchors subjected to cyclic shear force exhibited lower strength and ductility than corresponding monotonic push specimens. A number of experiments on headed steel anchors subjected to cyclic loading have been conducted to study the behavior of steel frames with reinforced concrete infills. For example, Makino (1984) conducted experiments were performed on single story, single bay steel frames with reinforced concrete infills at approximately a one-third scale. They estimated that the cyclic strength of the studs was approximately 50% of the predicted strength from the formulas of Ollgaard et al. (1971) .Civjan an Singh (2003) conducted 7 cyclic tests and concluded that reversed cyclic loading resulted in nearly a 40% reduction in the stud shear strength compared to monotonic strengths computed by AISC 2005, attributing this reduction to low-cycle fatigue of the stud and weld materials as well as concrete degradation. Gattesco and Giuriani (1996) tested 2 specimens under cyclic loading and concluded that the accumulated damage during cycles reduced the measured monotonic strength by almost 10%. Saari et al. (2004) carried out 8 tests under different combinations of shear and tension loads and both monotonic and cyclic loads with different amounts of confining reinforcement around the anchors within a specimen modeling an infill wall. From their tests they determined that when good detailing is provided surrounding the studs in the specimen, the cyclic failure always occurred in the steel. Also, under shear forces, a 21% reduction in measured monotonic stud shear strength was found.
These reduction factors for cyclic loading (ξ) for conditions representing either infill wall specimens or composite slabs without metal decking are summarized in the Table 10 , along with the values assumed in several design provisions. While there is variation in the recommendations (for example, ACI 318-08 does not require a reduction for cyclic loading on the shear strength of steel anchors), it may generally be concluded that the 25% reduction in monotonic shear strength to account for cyclic loading is reasonable so long as the monotonic shear strength is predicted within reasonable statistical accuracy. For example, a reduction factor of 0.75 is appropriate when used in conjunction with a C v coefficient or resistance factor of 0.65 applied to the nominal shear strength A s F u of a headed stud anchor with d h ef ratios larger than 4.5. • The most likely concrete failure mode in composite construction is pryout failure, rather than breakout failure (with these failure modes being as described in ACI 318-08) since there are not appropriate failure planes for front-edge or side-edge breakout in majority of composite structures.
• PCI 6th and ACI 318-08 provide more conservative prediction for concrete failures than AISC 2005, with PCI 6th being the most accurate. AISC 2005 is generally unconservative when anchors fail in the concrete.
• A selection of formulas to estimate pryout concrete failures are proposed as an alternative to the current prediction of concrete failure in AISC 2005. The choice of formula is dependent on which types of parameters are deemed appropriate to govern the concrete failure strength.
• After assessing the literature regarding headed studs subjected to shear, it was deemed that the steel strength formula with a resistance factor equal to 0.65, is the only formula that needs to be checked for headed stud anchors that do not have edge conditions if normal strength concrete is used and if the effective height-to-depth ratio is measured to the underside of the stud head; a comparable minimum value of d h is 5, where h is the total height of the stud). For the few experiments in this category that fail in the concrete, the steel strength formula proved to be conservative. For composite components with lightweight concrete, a larger minimum value of the anchor height is recommended because there is less data available for these longer lengths, and what data is available shows that the failure tends to occur more in the concrete than for normal strength concrete if d h ef is just above 4.5. Based on the limited data available to date, a value of d h ef > 6.5 (or a comparable value of d h > 7) more clearly assures that failure will occur in the steel, and thus this value is recommended for lightweight concrete if only a steel strength formula is to be checked. Additional test results could validate using a lower value of this minimum ratio in future research.
• A reduction factor of 0.75 is adequate to design headed stud anchors in shear subjected to seismic loads, so long as the monotonic steel strength of headed studs has a resistance factor on that is in the range of the values proposed in this work Effective embedment depth anchor
Coefficient to compute pryout by ACI 318-08; it equals 1 for h ef < 2.5 and 2 for h ef ≥ 2. Linearization approximation constant used to separate the resistance and demand uncertainties β :
Reliability index λ :
Modification factor for lightweight concrete ξ :
Reduction factor for cyclic loading Steel failure in test
